Objective: Apical suction devices allow displacement of the heart in off-pump coronary artery surgery. However, high vacuum pressure may injure the suctioned myocardium. It has been demonstrated that partial pressure of oxygen in the myocardium (ptiO 2 ) is a sensitive and rapid indicator of myocardial ischemia. The purpose of this study is to evaluate the effect of apical suction on the ptiO 2 as an indirect measure of myocardial perfusion of the ventricular apex. Methods: Twenty-six patients undergoing elective off-pump coronary surgery were studied. Intramyocardial ptiO 2 was continuously measured using a flexible catheter microprobe (Licox 1 GMS mbH, Kiel, Germany). Patients were divided into two groups. In one group (Group A; n = 14), the microprobe was intraoperatively inserted into the myocardium of the left ventricular apex. In the second group (Group B; n = 12), the probe was inserted in the anterior wall of the left ventricle. Intramyocardial ptiO 2 monitoring was made with the heart in the resting position and after placing the apical suction device. Results: In Group A, basal ptiO 2 was 15.3 AE 7.4 mmHg. One minute after placing the apical suction device, the ptiO 2 significantly decreased to 2.3 AE 1 mmHg ( p < 0.001). A progressive increase of ptiO 2 was observed immediately after the Xpose TM suction device was removed. ptiO 2 was 13.6 AE 9.1 mmHg 5 min after releasing the suction cup and increased to 27.2 AE 12.6 mmHg 20 min later. In Group B, basal ptiO 2 was 17 AE 10.3 mmHg. No significant changes were observed in Group B after placing and removing the suction cup. Conclusions: Apical suction devices lead to severe ischemia of the suctioned myocardium. Collapse of coronary vessels due to vacuum pressure is a possible mechanism. Reperfusion occurs immediately after removing the suction cup and a significant reactive hyperemia is observed. #
Introduction
Coronary artery revascularization without the use of cardiopulmonary bypass (OPCAB) has emerged as an alternative to conventional coronary artery bypass grafting. Displacement of the beating heart for target exposure has been found to cause various degrees of hemodynamic disturbance and this is still an important factor limiting the performance of OPCAB. Numerous positioning techniques and devices have been developed to facilitate the exposure of lateral and postero-lateral coronary vessels [1, 2] .
Apical suction devices allow displacement and lifting of the heart while minimizing hemodynamic instability. By pulling out and upward, these devices prevent the distortion of the ventricles and mitral annulus maintaining the normal heart geometry, especially the long-axis dimensions [3] .
Subepicardial hematoma formation over the heart apex is common after applied suction pressure. This apical hematoma does not usually cause disturbances and vanishes at the end of the procedure. There are no clinical data about how myocardial perfusion of the apex may change during the use of apical suction devices. Although the application of vacuum pressure will not cause any sort of permanent myocardial damage, the apical device may temporarily compress the coronary vessels and consequently reduce the blood flow [2] . Direct compression of the left anterior descending coronary artery (LAD) by apical suction cup, which produced ischemia and hemodynamic compromise has been reported, and therefore, it is recommended that this device should not be engaged over a visible major epicardial artery [4] .
The objective of this study is to evaluate the effect of apical suction on the partial pressure of oxygen in the myocardium (ptiO 2 ) using a polarographic modified Clarktype microelectrode as an indirect measure of myocardial perfusion of the ventricular apex [4] [5] [6] .
Materials and methods
Twenty-six patients who underwent elective OPCAB for at least the LAD and an obtuse marginal branch of the circumflex artery were studied in a prospective manner. Informed written consent was obtained from all patients. Patients were divided into two groups. In one group (Group A; n = 14), the ptiO 2 microprobe was inserted into the left ventricular apex. In the other group (Group B; n = 12), the microprobe was inserted into the anterior wall of the left ventricle. The ptiO 2 microprobes are electrodes made of soft polyethylene. At the tip of the probe in a cylindrical cell containing an electrolyte solution, which is located concentrically along the axis of the microcatheter, there is a polarographic sensor. The oxygen diffuses from the tissue through the polyethylene wall of the catheter tube, into its inner electrolyte chamber. Here, the oxygen is reduced and the current flows proportionally to the pressure of oxygen in the tissue surrounding the catheter tip.
We investigated the effect of the Xpose TM vacuumassisted apical positioning device (Guidant, Santa Clara, CA, USA) on ptiO 2 at the ventricular myocardium during the exposure of the circumflex artery branches. The Xpose TM device consists of a compliant suction cup that is placed at the ventricular apex, which conforms to the heart and is designed to maintain secure contact with the epicardial surface at a low vacuum setting. Once suction is applied a tight seal is attained and the tip of the heart can be gently elevated while different positions of the arm allow for exposure of circumflex branches.
The anesthetic technique was standardized for all patients, which were monitored with systemic, pulmonary and central venous pressures, continuous cardiac output and mixed venous saturation of oxygen, pulse oxymetry, ECG leads II and V 5 . Transesophageal echocardiography was done in five patients of Group A and four patients of Group B.
Operations were performed through a median sternotomy incision. The left internal thoracic artery and the left radial artery were harvested in all patients. Immediately after the pericardium was opened, a revoxode oxygen catheter-microprobe (Licox 1 GMS mbH, Kiel, Germany) was inserted into the myocardium approximately 10 mm below the surface of the epicardium. The thermocouple temperature catheter-microprobe (Licox 1 GMS mbH) was placed in the pericardial sac. The polarographic sensor and the temperature probe were connected to a computer-controlled device (Licox CMP 1 GMS mbH). The data were taken every 2 s and immediately showed in the monitor of the device.
Vascular control of the coronary vessels was achieved with extraluminal snaring using silicon vascular loops. No intracoronary shunts were used. In all patients the LAD was revascularized first. Stabilization of the LAD was obtained using the Axius TM epicardial suction tissue stabilizer (Guidant). To facilitate the exposure of the marginal branch, a Xpose TM apical suction device was applied on the apex of the heart. In Group A, the oxygen sensitive part of the probe was included into the dome, whereas in Group B the microprobe was at least 2 cm moved away from the cup. Vacuum pressure was applied and the heart was gently elevated and rotated counter-clock to expose the obtuse marginal branch. After completing the obtuse marginal anastomosis, the heart was released from the suction cup and fell back into the pericardial cradle freely beating.
Hemodynamic, electrocardiographic, and ptiO 2 data were recorded every 2 min (1) 10 min after the insertion of the ptiO 2 micro-catheter, (2) during the LAD anastomosis, (3) before application of the Xpose TM , (4) during apical suction and circumflex grafting, and (5) up to 60 min after the cup was removed and the heart repositioned in its anatomical position.
One-way repeated measures analysis of variance was used to assess the significance of differences at each time interval within the groups and between the two groups. All results were expressed as mean AE standard deviation. A value of p < 0.05 was considered statistically significant.
Results
Demographic data are shown in Table 1 . No significant differences were observed between the two groups. During the LAD anastomosis only a significant increase of the central venous pressure compared with basal values was observed in both groups. Exposure of the circumflex artery branches was achieved with the Xpose TM device. Vacuum pressure was set between À200 and À250 mmHg in both groups and maintained during a period of 15 AE 4 min in Group A and 16 AE 6 min in Group B. This period was accompanied by a significant increase of central venous pressure, mean pulmonary artery pressure and a decrease of cardiac output, and mixed venous oxygen saturation compared with basal values in both groups. After releasing the suction cup and returning the heart to its anatomical position, all parameters returned to normal values excluding the heart rate, which increased significantly in both groups. Hemodynamic parameters are shown in Table 2 .
During the time in which the heart was lifted upward by the suction cup, an atypical ECG waveform was observed, probably due to the displacement of the heart from its anatomical position and the subsequent abnormal transmis- sion of cardiac electrical activity to the surface electrodes. After removing the Xpose TM and repositioning the heart in the pericardial sac, the ECG showed in seven patients of Group A and five patients of Group B, a significant transient ST segment elevation on lead V 5 which spontaneously resolved shortly after removing the suction cup ( Table 3) .
Changes of ptiO 2 in the myocardium of the left ventricle in Groups A and B during the surgical procedure are shown in Fig. 1 . In Group A, mean ptiO 2 before application of vacuum pressure was 15.3 AE 7.4 mmHg. One minute after placing the Xpose TM device, the ptiO 2 significantly decreased to 2.3 AE 1 mmHg ( p < 0001) and reached near-zero after 5 min. The ptiO 2 started increasing immediately after removing the Xpose TM . Twenty minutes after removing the cup, the ptiO 2 reached a maximal value of 27.2 AE 12.6 mmHg ( p < 0.01) which was significantly higher than the basal. One hour after removing the Xpose TM , no differences could be observed when compared with preoperative values. In Group B, basal ptiO 2 was 16 AE 6 mmHg. No significant changes of ptiO 2 were observed during the procedure. In both groups, a trend to a reduction of ptiO 2 during LAD snaring was observed but no significant differences could be demonstrated.
An epicardial hematoma was observed on the ventricular apex after releasing the Xpose TM positioner device in all the patients of both groups. Transient apical diskinesia (<5 min) of the ventricular apex could be observed on transesophageal echocardiogram in four patients of Group A and three patients of Group B.
All the patients were extubated less than 8 h after the procedure. No signs of perioperative myocardial infarction were observed except a slight increase of troponin I in all patients (<6 ng/ml) without significant differences between Groups A and B. Three patients of Group A and one patient of Group B developed postoperative atrial fibrillation between the second and sixth postoperative days and were successfully resolved with medical treatment.
Discussion
Animal and human studies have shown impairment of ventricular function during displacement in OPCAB due to cardiac chamber deformation. During lateral and vertical displacements, the heart buckles resulting in compression of the right ventricle, biventricular geometric abnormalities and mitral annulus deformation leading to hemodynamic instability [7, 8] .
Apical suction technology used for positioning the beating heart affords vertical displacement with minimal hemodynamic compromise. This is achieved by maintaining its overall geometry thus providing better exposure and hemodynamics than the deep pericardial suture technique [3, 9, 10] .
It has been suggested that it is the relatively small volume of myocardium of the less dynamic thicker apex, which is immobilized by the suction device, and the unimpaired rotation along the long axis during the cardiac cycle that explains the minimal reduction of cardiac function when using the Xpose TM apical suction device [3, 9] . Experimental studies have demonstrated only a very slight myocardial injury with a model of epicardial suction device [11] . However, the amount of myocardial tissue under suction by this device is much less than the volume of myocardium subjected to negative pressure by Xpose TM apical device. Although subepicardial hematoma is common after releasing the suction device, no clinical studies have been published concerning the histologic and metabolic effect of vacuum pressure applied to the human heart. However, it is conceivable that the application of the suction cup on the myocardial tissue may subject the underlying myocardium and small non-epicardial coronary vessels to stress on retraction, thus somehow limiting flow in the microvasculature. The negative pressure, which the myocardial tissue is subjected to within the suction cup may cause retraction, distortion, and collapse of all vessels within this segment, thus leading to myocardial ischemia.
It has been demonstrated that the application of negative pressure on the heart using suction stabilizers may cause mechanical compression of the myocardium and subsequent increase in regional vascular resistance suggesting a possible compromise of perfusion [12] . Isolated reports have demonstrated that suction pressure may injure deeper portions of the epicardium, producing significant hematoma spreading to the myocardium and producing bleeding and epicardial rupture [13] .
Previous clinical reports have demonstrated that direct on line monitoring of ptiO 2 using polarographic electrodes is an accurate and reliable indicator of myocardial oxygenation and allows safe use in routine clinical setting [14, 15] . The ptiO 2 corresponds to the availability of oxygen at the cellular level and depends on the balance between oxygen supply and consumption and therefore is a sensitive and rapid indicator of myocardial ischemia and reperfusion.
Using ptiO 2 monitoring, our study has demonstrated that the application of À200 to À250 mmHg of vacuum pressure onto the ventricular apex leads in all the patients to a rapid and significant decrease of ptiO 2 in the apex suggesting that a complete collapse of all vessels and myocardial ischemia is produced immediately after negative pressure is applied. This decrease of ptiO 2 is not observed in the anterior wall of the left ventricle. The trend in the decrease of ptiO 2 in both groups during LAD grafting is probably related to a reduction of blood supply due to the arterial snaring, which may be partially compensated by the collateral circulation.
The ptiO 2 observed in the apex after 5 min of suction on the beating heart is lower than in patients with global myocardial ischemia due to aortic cross-clamping. The massive collapse of the microvasculature due to the negative pressure may extract all the blood and oxygen in the interstitial fluid, whereas in the cardioplegic arrested flaccid heart, which maintains collateral circulation through the mediastinum, the decrease of ptiO 2 is less severe [15] .
The extent of coronary vessel compression by any vacuum device depends on the value of negative pressure and the design of the suction device. The Xpose TM draws the whole apex of the heart into the conical dome, which accounts for a volume of suctioned myocardium of approximately 15 ml. This high volume increases not only the amount of traction one can obtain but also the possible volume of ischemic myocardium. The Starfish TM multi-appendage suction device (Medtronic, Minneapolis, MN, USA) utilizes pressures of approximately À400 mmHg, whereas the Xpose utilizes pressures of À200 mmHg. However, there is considerably less tissue under vacuum with the Starfish TM device. The ptiO 2 increases in the apex immediately after releasing the suction cup which may be due to the opening of microvasculature of the apex when negative pressure is stopped. This rise in ptiO 2 reflects reactive hyperemia and is a rebound, which has been previously reported in clinical and experimental models using polarographic electrodes [15, 16] .
The transient ST segment elevation observed on lead V 5 once the heart was returned to its anatomical position after releasing the Xpose TM , and the reversible apical diskinesia may be related to a possible transmural ischemia produced by the apical suction. Recent demonstration of apical magnetic resonance imaging hyperenhancement after OPCAB and troponin I release without new Q waves may be explained by the suction-induced ischemia [17] . We believe that the transient ST elevation, apical diskinesia, and increased troponin I observed in our patients are due, at least in part, to the vacuum-induced ischemia. However, the period of suction is short, and therefore, no permanent ECG and echocardiographic changes are demonstrated suggesting that these devices may be safely used. It has been demonstrated that OPCAB has a smaller degree of surgically induced myocardial cell injury compared to conventional revascularization, but our study suggests that vacuum pressure may play a role in perioperative cardiac injury and, therefore, the period of suction must be as short as possible.
